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Abstract: Cholesteatoma of the ear can lead to life-threatening complications and its only
treatment is surgery. The smallest remnants of cholesteatoma can lead to recurrence of this
disease. Therefore, the optical properties of this tissue are of high importance to identify and
remove all cholesteatoma during therapy. In this paper, we determine the absorption coefficient
g and scattering coefficient ;" of cholesteatoma and bone samples in the wavelength range
of 250 nm to 800 nm obtained during five surgeries. These values are determined by high
precision integrating sphere measurements in combination with an optimized inverse Monte Carlo
simulation (iMCS). To conserve the optical behavior of living tissues, the optical spectroscopy
measurements are performed immediately after tissue removal and preparation. It is shown
that in the near-UV and visible spectrum clear differences exist between cholesteatoma and
bone tissue. While y, is decreasing homogeneously for cholesteatoma, it retains at the high
level for bone in the region of 350 nm to 580 nm. Further, the results for the cholesteatoma
measurements correspond to published healthy epidermis data. These differences in the optical
parameters reveal the future possibility to detect and identify, automatically or semi-automatically,
cholesteatoma tissue for active treatment decisions during image-guided surgery leading to a
better surgical outcome.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Cholesteatoma, due to its destructive growth can lead to life-threatening complications and its
only treatment is surgery. It requires a complete resection to avoid a recurrence. Cholesteatoma
is defined by squamous epithelium in the middle ear spaces. Its further growth in the middle
ear and into the adjacent structures leads to life-threatening complications. The destruction of
the ossicles and cochlea can cause hearing loss and can lead to deafness. An erosion of the
facial canal can lead to facial paralysis. Disturbances of the organ of equilibrium may be due to
semicircular fistulas. Fortified inflammation causes mastoiditis, meningitis, intracranial abscesses
and sinus vein thrombosis [1-4]. Cholesteatoma can occur at any age and has an incidence of
about 10 per 100,000 adults [5,6] with men 1.4 times more likely to be affected than women
[1,7]. The objectives of surgical management of cholesteatoma include eradicating the disease
while recovering or preserving the hearing. In cases of residual and recurrent cholesteatoma, a
revision surgery is strictly needed.

The optical properties of human tissues, as skin or cholesteatoma, have an effect on diagnostic
and therapeutic procedures. For example, the color of the human skin provides a subjective
characteristic to visually diagnose a disease [8]. To objectify the diagnosis, measurements of the
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optical properties have to be performed. Light enters and exits human tissue, which increases
the interest of understanding the scattering and absorption properties of it, as it is the basis for
objective medical diagnostics and therapy [9]. For this reason, the optical properties of various
tissue types have been extensively investigated in recent years. In particular, different skin layers
and types, blood and easily distinguishable tissue types, such as brain or liver, have been analyzed
[8-10]. Occasionally, as for skin tissue, tumors have been examined as well [11]. Due to the fact
that epithelium in general and the skin in particular lines the outer covering of organs and the
body respectively, it protects the inner body structures against pathogens and is of large interest
for medical diagnostics and therapy. Therefore, the optical properties of the individual skin layers,
epidermis and dermis, as well as the entire composite are extensively analyzed in vitro and in vivo
[8,12]. Specifying these optical properties is the initial step interpreting measurements correctly.
Except for blood and skin, where extensive data is available, most of the studies analyze different
tissue types only at few wavelengths mainly in the infra-red (IR). These results, however, are
usually not applicable for settings using the visible range, as for intraoperative tissue analysis
and treatment [13,14]. In order to allow a broad range of applications in the visible light range,
a sophisticated analysis of optical tissue properties is necessary. One possible application for
surgically relevant tissue differentiation would be the removal of cholesteatoma. A first example
for intraoperative applications has been presented for endoscopic driven surgeries, where the
narrow-band imaging-technique of blood vessels in mucosal structures has proven the potential
of using wavelength-filtered light to enhance the diagnostic outcome of visual patient data [15].
This technique uses selected wavelengths in the visible range based on information available for
blood in that range.

Histologically, cholesteatoma has the same four layers as in skin epidermis, basal, squamous,
granulosum, and stratum corneum [7,16]. Therefore, the aim of this study is to derive a set of
empirical formulations to predict the optical properties of cholesteatoma and bone, extracted
during tympanomastoidectomy.

An established method to quantify optical properties of biochemical systems in the spectral
range from ultra-violet (UV) to IR is optical absorption spectroscopy [17]. The optical properties
of a tissue sample are described by the intrinsic optical parameters absorption coefficient y,
(mm™"), scattering coefficient u; (mm™') and the scattering phase function represented by the
anisotropy factor g [18]. These parameters characterizes tissue scattering in terms of the relative
forward versus backward direction of scatter for thicker tissue samples (with multiple scattering
events). An introduction to the optical properties is presented at [19].

In this study, an integrating sphere technique improved with optical lenses and combined with
inverse Monte Carlo simulations (iMCS) [20-22] is used to determine the optical parameter y,
us and g of the bone and cholesteatoma. An experimental setup is used that gave transmittance
and reflectance measurements in the wavelength range from 250 nm to 800 nm under defined
conditions. Due to the histological comparability of cholesteatoma and epidermis, the results of
this study are compared with presented optical properties of the epidermis in literature.

2. Material and methods
2.1. Patients

The study was conducted with five patients, in the age of 14, 26, 38, 52 and 66 years. Each patient
had a cholesteatoma, which is keratinizing squamous epithelium, occurring in the middle ear
and mastoid, see Fig. 1. The only treatment for such patients is the complete surgical resection
via tympanomastoidectomy [23]. The written informed consent of extracting cholesteatoma
and bone samples during the standard procedure had been provided by all patients. The tissues
were extracted individually, selected during the surgery by the clinician. Due to the individual
anatomy of each patient the amount of extracted tissue differed, which resulted in different
sample thicknesses d [24]. After spectroscopy, all taken samples were additionally analyzed
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(a) location of surgery

(c) CBCT image of one patient (d) zoom of the CBCT image

Fig. 1. These images show the location (a) and anatomy (b) of the interventions. An open
situs, where all relevant tissue structures are visible, is shown in (b). The position of this
situs is shown in the left image marked with the dashed incision line (E). The corresponding
CBCT images (c) and (d) show the location of the cholesteatoma in the left ear. The labels
describe: A - external ear canal, B - brain, C - catilage, D - mastoid bone, E - incision line,
F - musculus temporalis, G - skin, H - middle ear, 1 - tympanic membrane with titanium
prosthesis, 2 - cholesteatoma with bone arrosion.

using normal histological examination to confirm the specific tissue type. The whole study was
in agreement with the ethical approval obtained from the Ethics Committee of the Charité —
Universititsmedizin Berlin.

2.2. Spectroscopic measurements

The tissue samples were prepared directly after being removed from the patient to fit on the
cuvette, with a thickness between 87 um to 524 um, depending on the sample quantity. The
diameter of the prepared samples were between 5.3 mm up to 15.0 mm. Immediately after the
sample preparation the measurements were started. Thus, most measurements had been taken
in the first two hours after removal to obtain the optical properties of living tissue. To show
the effect of tissue degradation and its influence on the optical behavior, four samples were
additionally analyzed at different time instants # < 2 h, # = 20 h and ¢ = 90 h. The macroscopic
optical parameters, diffuse reflectance R; and the total transmission 7, were measured every
5 nm in the spectral range from 250 nm to 800 nm, with an integrating sphere UV/visible
spectrophotometer (Lambda 650, PerkinElmer, Germany), which is a two-beam spectrometer
with double monochromator system. This led to 111 datasets per measurement. The diameter
of the incident light beam on the tissue sample was 4.5 mm and the scan rate was 5 nm/s.
The experimental setup had already been used and described in other studies [20,25]. Thus, a
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schematic representation of the sphere setup used in this study can be found in Fig. 1 of Friebel
et al. [20].

The light source consists of a deuterium lamp for the UV range and a wolfram halogen lamp
for the visible/near infrared (VIS/NIR) range. The cuvette can be fixed in a defined position at a
constant distance to the sphere aperture, in front or behind of the integrating sphere, to measure
the transmittance spectra 7; or the reflectance spectra R, respectively. For the measurement of
T;, the reflectance port was closed with a diffuse reflecting Spectralon® standard with known
reflectance spectrum. R; was measured relatively to the reflectance standard by replacing
the special Spectralon® by the sample. The Fresnel reflectance of the cuvette glass left the
sphere through the open Fresnel port to avoid interference with the diffuse reflectance. This
spectrophotometric setup allowed the measurement of macroscopic radiation distribution with an
extremely reduced error potential [20].

2.3. Inverse Monte Carlo simulation

The optical parameters y, and y; = us(1 — g) were obtained from the inverse Monte Carlo
simulation (iMCS). The iMCS method, first presented by Roggan et al. [26], was adapted to the
geometry of the measurement system [20] and used iteratively forward Monte Carlo simulation to
calculate g, s and g from the measured reflection R; and transmission 7; using a phase function
[18]. For initialization, the iMCS used estimated p,, us, and g from the Kubelka-Munk theory
[20]. The forward simulation used the Newton-Raphson method [27] to find an approximation of
Ri(ua, ps, ) and Ty(ug, ps, g)- These approximated R, and T; were compared to the measured
values. In case of significant difference, p,, u;, and g were varied and a next iteration of forward
simulation took place until the difference between measured and simulated R; and 7; stayed in
the defined error margin. This process was repeated for all measured wavelengths. A detailed
description of the used simulation sequences is described in Friebel et al. [20].

3. Results

3.1.  Spectroscopic measurements

Forty-six fresh tissue samples obtained from five patients during the planned surgery were used
for the measurements. The 28 cholesteatoma samples (examples are shown in Fig. 2) were
varying in terms of thickness d and size r as described in Sec. 2.2 due to the occurrence in each
individual patient. For the 18 bone sample (examples are shown in Fig. 3), two modalities were
used due to the solid opaque structure. First, two solid bone fragments were analyzed in terms
of reflection R; only. Further, to achieve reflection R; and transmission 7; data, the other 16
samples were bone chips, harvested from the drilling.

(a) Patient 1 (b) Patient 2 (c) Patient 3 (d) Patient 4

Fig. 2. This figure shows cholesteatoma samples of the four patients. The sample of (a)
patient 1 and (b) patient 2 contain blood due to the extraction process, while the samples of
(c) patient 3 and (d) patient 4 are nearly free of blood.
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(a) Patient 1 (b) Patient 2

Fig. 3. Two analyzed bone chip samples of patient 1 and 2, respectively. The sample of
patient 1 (a) contains a non-negligible amount of blood, while in the sample of patient 2 (b)
nearly no blood is visible.

The measured diffuse reflectance R, of several bone samples is shown in Fig. 4. The general
trend of all measured reflectance curves is similar, regardless of whether the samples were bone
fragments or bone chips. For all bone chip samples, the sample parameter were comparable with
r ~ 10 mm and d = 0.5 mm. The higher reflectance intensity for the bone fragment curve in
the visible spectrum resulted from the solid structure. The bone chip samples showed a lower
reflection, as the granularity had a significant influence on the reflection: the lower the granularity
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Fig. 4. These plots show the measured diffuse reflectance R, of one bone fragment (a) and
of twelve bone chip samples, six from patient 1 (b) and patient 4 (c), respectively. Each curve
in the plots corresponds to one measured sample spectrum. The trend of all curves is similar,
but the intensity of reflectance R differs. This is a result of the different sample quality, i.e.
the bone fragment (a) as well as the bone chips (b) and (c) show different granularity, which
effects the reflectance measurements.
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Fig. 5. These plots show measured reflectance R; of cholesteatoma samples of two patients,
P3 (a) and P4 (b). Each curve in the plots corresponds to one measured sample spectrum of
the specific patient.

the higher the reflectance. Therefore, the reflectance is highest for the bone fragment and varies
from patient to patient for the chip samples. Starting in the UV spectrum, the reflectance for
bone is low and homogenous until about 4 = 590 nm. For bone chips the curve progression is
less homogenous in that spectral region, as the samples were contaminated with blood due to the
extraction procedure, cf. Fig. 3(a).

The cholesteatoma samples had thicknesses of about d ~ 0.5 mm, while the size of the
samples spread between r = 5.3 mm and r = 15.0 mm. Figure 5 shows exemplary the measured
diffuse reflectance R, of the cholesteatoma samples of patients 3 and 4. Both plots show the
same reflectance behavior for cholesteatoma, where high homogenous reflectance over the entire
analyzed spectrum from 280 nm to 800 nm is visible. In the range of 300 nm to 380 nm the
reflectance intensity Ry is in the range of 0.23 to 0.34. Starting at ~ 450 nm, Ry is about 0.30 to
0.45. These measured reflectance intensities correspond to measured epidermis reflectance with
the difference that for the analyzed skin epidermis at approx. 550 nm an increase in reflectance
of about 15% can be observed [28,29], while R; of cholesteatoma shows a small depression in
this area continuing homogeneously afterward, cf. Fig. 5.

%50 350 450 550 650 750 %50 350 450 550 650 750
Wavelength A / nm Wavelength A / nm
(a) Patient 1 (b) Patient 2

Fig. 6. These two plots exemplary show the results of the absorption coefficient y, of bone
chips samples of patient 1 (a) and patient 2 (b). Each curve in the plots corresponds to one
measured sample spectrum of the specific patient. As it can be seen at the peaks at 430 nm
and around 550 nm, the influence of blood present in the sample plays a role for the results.
In the sample of patient 1 (a) were more blood present as in the sample of patient 2 (b), cf.
Fig. 3
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3.2. Determination of the optical parameters

The simulated absorption coefficient u, of the bone chips (shown in Fig. 6) exhibit a clear peak
at 430 nm and a double peak in the area of 550 nm. This behavior correlates to hemoglobin (Hb)
and is resulting of the blood contamination of the bone chips samples with a stronger peak for
patient 1 than for patient 2. As bone chips were analyzed, it could not be excluded that blood
penetrates the sample during extraction. This blood affected the measurements and results. In
the samples of patient 1 more blood was included than in the samples of patient 2, also shown
in Fig. 3, which explains the different intensity of the Hb-peaks in the spectra. Besides the
Hb-peaks, the spectra are comparable in trend and intensity of y, for all patients. A small peak
exists between 330 nm and 340 nm and the plateau in the UV spectrum is at a similar range.
For the cholesteatoma samples, the absorption coefficient u, results are shown in Fig. 7. The
samples of patient 1 and 2 show clear Hb-peaks at about 430 nm and 555 nm. This is again
caused by the fact that these samples contained blood due to the extraction process, see Fig. 2. In
the samples of patient 3 and 4 almost no blood was present, which results in a more uniform curve
with high intensity of y, in the UV range, strong drop at about 300 nm and uniform decreasing of
Mg from 350 nm to 800 nm. This behavior corresponds with published epidermal tissue data [30].
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(a) Patient 1 (b) Patient 2
6 6
51 54
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250 350 450 550 650 750 2 450 550 650 750
Wavelength A /nm Wavelength A / nm
(c) Patient 3 (d) Patient 4

Fig. 7. All plots show the results of the absorption coefficient y, of cholesteatoma of the
four analyzed patients in the measured range of 250 nm to 800 nm. Each curve in the plots
corresponds to one measured sample spectrum of the specific patient. The samples of patient
1 (a) and patient 2 (b) contained blood, where the samples of patient 2 (b) contained much
more blood. The samples of patient 3 (c) and patient 4 (d) were nearly freed of blood, cf.
Fig. 2.

Further, the cholesteatoma and bone chips samples of patient 3 and 4 were not only analyzed
directly after extraction but also after 20 h and 90 h, respectively. In contrast to the results
presented in Wisotzky et al. [24] for soft tissue, no decreasing of 1, over time could be observed
for both analyzed tissue types. This effect had been expected, since this study, unlike the previous
one, did not examine soft tissue but cholesteatoma and bone.
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Fig. 8. The plot shows the results of the average absorption coefficient , of cholesteatoma
and bone in the measured range of 250 nm to 800 nm for comparison. The dark curve shows
the average progression of all analyzed samples of each tissue type and the brighter trend
characterizes the standard deviation of the simulated results.

Figure 8 plots the average optical absorption coefficient p, of the analyzed tissue types
cholesteatoma (n = 28) and bone (n = 16). In the range starting at 310 nm up to 600 nm both
tissue types show a distinct difference. The absorbency of cholesteatoma is about one order of
magnitude lower than for bone chips. At 600 nm, y, of both tissue types are converging. The
mean relative SDs for , is 0.065 for the bone samples and 0.119 for the cholesteatoma samples.

The scattering was analyzed using the reduced scattering coefficient u; = us(1 — g). The
simulated scattering curves of the bone chips samples (see Fig. 9) show a continuously decrease
of u; over the complete spectrum. The magnitudes are the same over all patients, with approx.
10 mm~! at 250 nm decreasing to approx. 5 mm~! at 800 nm. Thus, the blood in the samples has
a much smaller influence on the results of u; than on the results of u,, cf. Fig. 6.
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(a) Patient 1 (b) Patient 2

Fig. 9. In this plots the results of the scattering coefficient y of bone chips samples from
patient 1 (a) and patient 2 (b) are shown. Each curve in the plots corresponds to one measured
sample spectrum of the specific patient. In contrast to the results of y,, the effect of the
blood in the samples is less strong and all spectra of both patients behave similar in shape
and magnitude.

For the cholesteatoma samples, the scattering coeficient u form a plateau with an intensity of
approx. 10 mm™! in the analyzed UV range (250 nm to 300 nm), see Fig. 10. Then the curve
rises steeply, up to 14.3 mm™! at about A = 310 nm to decrease then continuously like the bone
chips samples. At 800 nm g/, is between 3 mm~! and 4 mm~!. In Fig. 10(b) four samples are
plotted, analyzed at three different time points, directly after, 20 h and 90 h after extraction,
respectively. It is visible, that the steep increase at about 4 = 310 nm inverts its behavior to a
steep decrease at about 4 = 310 nm, while the plateau in the UV range remains constant.
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(a) Patient 3 (b) Patient 4

Fig. 10. All plots show the results of the scattering coefficient u of cholesteatoma of the
analyzed blood-free samples in the measured range of 250 nm to 800 nm. Each curve in
the plots corresponds to one measured sample spectrum of the specific patient. In plot (b)
patient 4, the curves correspond to different measurement times after sample preparation
(‘— directly after, ‘- - -” 20 h after and ‘- - -* 90 h after preparation, respectively).

Fig. 11 plots the average optical reduced scattering coefficient i of the analyzed tissue types
cholesteatoma and bone. For both tissue types, u; decreases continuously starting at 310 nm.
The decreasing of u; of cholesteatoma is higher than for bone chips. The scattering coefficient
u; of cholesteatoma shows at 310 nm a distinguish peak. The mean relative SDs for 1, is 6.5%
for the bone samples and 10.8% for the cholesteatoma samples.
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Fig. 11. The plot shows the results of the average reduced scattering coefficient u; of
cholesteatoma and bone in the measured range of 250 nm to 800 nm for comparison. The
dark curve shows the average progression of all analyzed samples of each tissue type and the
brighter trend characterizes the standard deviation of the simulated results.

As this is the first time that cholesteatoma was analyzed spectroscopically and cholesteatoma
consists of keratinized stratified squamous epithelium like the epidermis, we compare our results
to published epidermal p, and yf in literature. As described above the principle reflectance
behavior corresponds to epithelium. Additionally, the trend of the absorption coefficient y, as
well as the reduced scattering coefficient y correspond to the literature, see Fig. 12.
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Fig. 12. The plots show the results of (a) the average absorption coefficient y, and (b)
the average reduced scattering coefficient y of cholesteatoma compared to the results of
epidermis presented by Meglinski & Matcher 2002 [31] for y, and Svaasand et al. 1995
[28] for y.

4. Discussion and conclusion

In this study, a high precision integrating sphere setup for measuring R; and 7; in combination
with a high resolving iMCS is used to determine the intrinsic optical parameters y, and y; of
human cholesteatoma and bone chips in the wavelength range 250 nm to 800 nm. This is in
contrast to most of the data on tissue behavior presented in literature, which are mostly concerning
the IR range. As the visible range is of high interest to the surgeon to carry out daily diagnostic
and therapeutic interventions with or without microscopic and endoscopic support, this is the
spectral range of interest in this study. Further, R; has been measured of human bone fragments
to distinguish differences in terms of reflection R, between solid bone fragments and grind bone
chips.

Although there are published results on fat, blood and skin, there is still insufficient data
for various other tissue types that are important to clinicians and surgeons. This study aims
at reducing this gap significantly, together with Wisotzky et al. [24]. The optical behavior of
cholesteatoma in the visible range has not been described before. Due to the fact that the total
removal of cholesteatoma with preservation and restoration of the ear function requires a high
level of surgical expertise, there is a strong need for data on optical behavior. This study could
help with the development of visual tools for better detection of cholesteatoma intraoperatively,
which would result in better surgical outcomes and lower the number of revision surgeries.
Nowadays, about one in five patients undergoes a revision surgery due to cholesteatoma [32,33].

Since no in-vivo measurements are possible due to the measurement setup, but in-vivo tissue
properties however being of clinical interest, the samples are prepared and measured immediately
after collection. In addition, it is shown that degradation of the tissue causes the reduced
scattering coefficient y; to drop in the near-UV and visible range starting at about 4 = 310 nm.
Thus, the principle in-vivo tissue properties can be deduced from the presented results, as the
measurements are carried out next to the surgery site with minimal time delay [34].

‘We have shown that fundamental variances exist between human bone and cholesteatoma in the
analyzed spectrum. Especially large differences in the specific tissue behavior (i.e. the measured
reflectance values R, as well as the determined optical parameters u, and ;) in the range of
300 nm up to 600 nm have been detected. Additionally, differences between cholesteatoma
and published epidermal data could be observed in terms of R, though both tissues consists of
epithelium. These presented differences in the optical parameters substantiate the possibility to
detect and identify, automatically or semi-automatically, tissue types for active treatment decisions
during image-guided surgery [13,35,36]. Intraoperative tissue properties can be analyzed using
multispectral imaging to point out tissue differences in the visualization process by using the
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knowledge acquired in this study. Furthermore, it seems possible to use the presented results to
train a classifier that makes tissue types more distinguishable intraoperatively. During training,
the presence of blood in the situs has to be taken into account. This could be achieved by defining
several possible tissue compositions including the relevant tissue types and using forward Monte
Carlo simulation on the optical properties to simulate the diffuse reflectance as training data.
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